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The molecular layer deposition (MLD) of a hybrid organic-inorganic polymer based on zinc is demonstrated using sequential

exposures of diethyl zinc (DEZ, Zn(CH2CH3)2) and ethylene glycol (EG, HOCH2CH2OH). This polymer is representative of a

class of zinc alkoxide polymers with an approximate formula of (�Zn�O�R�O�)n that can be called ‘‘zincones’’. The film

growth and surface chemistry during zincone MLD is studied using in-situ Fourier transform infrared (FTIR) measurements.

The absorbance of the infrared features of the zincone film increase progressively versus the number of MLD cycles. The FTIR

spectra after the DEZ and EG exposures are consistent with the gain and loss of absorbance from C�H, O�H, C�O, and Zn�O

stretching vibrations. FTIR studies also confirm the self-limiting nature of the surface reactions and monitor the temperature

dependence of the film growth. Transmission electron microscope (TEM) images of ZrO2 nanoparticles show very conformal

zincone films and determine that the growth rate varies from 4.0 Å per MLD cycle at 90 8C to 0.25 Å per MLD cycle at 170 8C.

Quartz crystal microbalance (QCM) and X-ray reflectivity (XRR) measurements show linear zincone growth versus the number

of MLD cycles. XRR studies on silicon wafers are consistent with a growth rate of 0.7 Å per MLD cycle at 130 8C. The higher

growth rate on the ZrO2 nanoparticles is attributed to the lower gas conductance and possible CVD reactions in the ZrO2

nanoparticles. The reaction mechanism for zincone MLD is dependent on temperature. At higher temperatures, there is

evidence for ‘‘double’’ reactions of EG because no free hydroxyl groups are observed in the FTIR spectrum after the EG

exposures. The zincone film can grow in the absence of free hydroxyl groups if DEZ can diffuse into the zincone film and react

during the subsequent EG exposure. The zincone films initially adsorb H2O upon exposure to air and then are very stable with

time.
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1. Introduction

Molecular layer deposition (MLD) is based on sequential

and self-limiting surface reactions of reactants containing

organic constituents.[1,2] MLD methods are very similar to

atomic layer deposition (ALD) techniques that have been

developed for the growth of inorganic materials.[3–5] Both

MLD and ALD can be used to fabricate conformal,

continuous, and pinhole-free films.[6–9] The self-limiting

nature of the surface chemistry allows conformal MLD and

ALD films to be grown on high aspect ratio and porous

structures.[10]

Recent work has demonstrated the MLD of organic

polymer films using homobifunctional reactants. For

example, polyamide films such as Nylon 66 have been

deposited using adipoyl chloride and 1,6–hexanediamine as

the reactants.[11] Poly(p–phenylene terephthalamide) films

have also been grown using terephthaloyl chloride and p–

phenylenediamine as the reactants.[12] The MLD of organic

polyimide films has also been reported using diamines and

carboxylic anhydrides.[13] Earlier work also demonstrated

the MLD of polyimides,[2,14] polyamides,[15] and polyur-

eas.[16] In some of the these earlier studies, the method of

sequential, self-limiting surface reactions was known as

alternating vapor deposition polymerization.[15,17]

In addition to the MLD of organic polymers, the MLD of

hybrid organic-inorganic polymer films was recently accom-

plished using trimethyl aluminum (TMA, Al(CH3)3) and

EG.[6] These organic-inorganic composite films combine an
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inorganic reactant, TMA, with an organic reactant, EG. The

general family of organic-inorganic polymers with the

approximate form of (�Al�O�R�O�)n are known as

‘‘alucones’’.[6,18] The reaction of TMA and EG is one of a

large number of reactions between metal alkyls and organic

diols. The metal alkyl molecule can be described by MRx

and the diol can be described by HOR’OH. The general

MLD reactions between the metal alkyl and the diol can be

written as Equations 1 and 2.[6]

ðAÞ ROH � þMR0
x ! RO�MR0�

x�1 þ R0H (1)

ðBÞ MR0� þHOROH ! M� OROH� þ R0H (2)

The asterisks indicate the surface species. These A and B

reactions in an ABAB. . . sequence of metal alkyl and

organic diol can lead to the growth of the hybrid organic-

inorganic polymeric films.

Many metal alkyls and organic reactants can be used to

define various hybrid organic-inorganic MLD polymers.[1]

For example, zinc alkyls such as Zn(CH2CH3)2 (diethyl zinc

(DEZ)) and TiCl4 (titanium tetrachloride) should react with

diols in a similar MLD process. Other metal alkyls that can

easily react with oxygen precursors are also candidates for

hybrid organic-inorganic polymer MLD. Examples include

metal alkyls based on magnesium (Mg) and manganese

(Mn), such as Mg(Cp)2 and Mn(Cp)2 where Cp is the

cyclopentadienyl ligand, that react readily with H2O.[19,20] In

addition, many other oxygen-containing bifunctional

organic reactants are possible such as carboxylic acids and

aldehydes.[21] Homobifunctional organic reactants such as

diamines or dithiols should also be possible precursors.

In this paper, the MLD of a hybrid organic-inorganic

polymer based on zinc was demonstrated using DEZ and

EG as the reactants.[22,23] These zinc-containing polymer

films are part of a class of zinc alkoxide polymers with a

composition approximated by (�Zn�O�R�O�)n. This

class of zinc alkoxide films can be called ‘‘zincones’’ in

analogy with the closely-related alucones.[6,18] The proposed

surface reactions for zincone MLD using DEZ and EG are

expected to follow the chemical reactions described by

Equations 1 and 2. A schematic depicting the zincone MLD

growth is shown in Figure 1.

The overall zincone MLD reaction using DEZ and EG

can be written as Equation 3.

nZnðCH2CH3Þ2 þ nHOCH2CH2OH
! ð�Zn� O� CH2CH2 � O�Þn þ nCH3CH3 (3)

The reaction of DEZ and EG is analogous to the reaction of

DEZþH2O!ZnOþ 2C2H6 for ZnO ALD.[24–26] This

reaction has favorable thermochemistry with an enthalpy

of reaction of DH¼�70.0 kcal.[27] The DEZþEG reaction

is expected to have a very similar enthalpy of reaction

because the same bonds are broken and formed during the

DEZþEG and DEZþH2O reactions. There is also

precedence for the DEZþEG MLD reaction. Polymeriza-

tion reactions using organic diols and dialkylzinc precursors

have been studied in organic solution under an argon

environment.[28]

This investigation of zincone MLD concentrated on in-

situ FTIR spectroscopy to monitor the zincone MLD

growth, to identify the surface species following the DEZ

and EG reactions, and to verify the self-limiting nature of

the surface reactions. XRR studies measured the thickness

of the zincone films and the linearity of zincone MLD

growth versus number of MLD cycles. TEM was used to

image the zincone films on ZrO2 nanoparticles and obtain

the temperature dependence of the zincone MLD growth.

In-situ QCM measurements were used to verify the linearity

of zincone MLD. X-ray photoelectron spectroscopy (XPS)

was employed to characterize the elemental composition of

the zincone films. These studies help to establish the

generality and feasibility of MLD reactions based on metal

alkyls and organic diols.

2. Results and Discussion

2.1. Zincone MLD Growth

Zincone MLD was studied using in-situ FTIR studies over

the temperature range 90–170 8C. FTIR spectra were

recorded after various numbers of MLD cycles and after

each reactant exposure. The FTIR spectra after various

numbers of MLD cycles monitor the progressive growth of

Full Paper

Fig. 1. Schematic for growth mechanism of zincone MLD film using DEZ and

EG.
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the zincone film. Figure 2 displays the FTIR spectra

following the EG exposures after 1, 5, 10, 15, and

20 MLD cycles at 130 8C. The infrared absorbance grows

progressively with number of MLD cycles.

Prominent absorbances are observed in Figure 2 at 2800–

3000 cm�1 corresponding to the C�H stretching vibrations

of the ethylene linkages between oxygen atoms in the zinc

alkoxide polymer. At lower frequencies, large absorbance is

also observed at 888 cm�1 and 1100 cm�1. These absor-

bances are assigned to Zn�O and C�O stretching

vibrations. Smaller absorbances at 1456 cm�1, 1365 cm�1,

and 1256 cm�1 are also monitored in Figure 2 and assigned

to CH2 scissors, wag, and twist modes, respectively. These

vibrational features are all consistent with the growth of a

zinc alkoxide polymer that may be approximated by

(�Zn�O�CH2CH2�O�)n. There is also a weak and broad

absorbance at 3100–3730 cm�1 assigned to O�H stretching

vibrations. This vibrational feature is observed after the EG

exposures.

The change in surface species during each reaction can be

monitored by the FTIR difference spectra. The surface

species that are added appear as positive absorbance

features and the surface species that are removed appear

as negative absorbance features. The FTIR difference

spectra for the DEZ exposure referenced against the EG

exposure (DEZ-EG) and the EG exposure referenced

against the DEZ exposure (EG-DEZ) at 130 8C are shown

in Figures 3a and 3b, respectively.

In the difference spectrum for DEZ-EG in Figure 3a, the

positive features are the absorbances of the CH2 and CH3

stretching vibrations for the ethyl group of the DEZ surface

species at 2910 and 2941 cm�1. The gain of these C�H

stretching vibrations from the ethyl group is very similar to

previous studies that explored DEZ reactions on ZrO2 and

BaTiO3 surfaces.[25] A negative absorbance feature is

observed in Figure 3a at 3100–3730 cm�1. This feature

is consistent with the removal of hydroxyl species. There is

also evidence for a slight frequency shift and reduction of the

absorbance at 1100 cm�1 corresponding to the C�O

stretching vibration.

In the difference spectrum for EG-DEZ in Figure 3b, the

spectrum appears as the inverse of the DEZ-EG spectrum in

the O�H and C�H stretching region. The positive

absorbance features are observed for the O�H, C�O,

and Zn�O stretching vibrations at 3100–3730 cm�1,

1100 cm�1, and 888 cm�1, respectively. There are also

positive absorbance features for the CH2 symmetric and

asymmetric stretching vibrations at 2850 and 2885 cm�1. The

negative features are the absorbances for the CH2 and CH3

stretching vibrations for the ethyl group of the DEZ surface

species at 2910 and 2941 cm�1. The gain and loss of CH2 and

CH3 features leads to a complicated spectrum in the C�H

stretching vibration region.

The integrated absorbance of the C�H stretching

vibrations at 2800–3000 cm�1 and the integrated absorbance

of the O�H stretching vibrations at 3100–3730 cm�1 can be

used to monitor the self-limiting nature of the DEZ and EG

reactions. The integrated absorbance for the C�H stretch-

ing vibrations versus DEZ exposure at 130 8C is shown in

Figure 4a. The integrated absorbance for the O�H

stretching vibrations versus EG exposure at 130 8C is

shown in Figure 4b. In both cases, the exposures are defined

by the number of microdoses of DEZ or EG. Figure 4a

indicates that the DEZ reaction is self-limiting and reaches

Full Paper

Fig. 2. In-situ FTIR spectra during the growth of zincone MLD films after 1, 5,

10, 15, and 20 MLD cycles at 130 8C.

Fig. 3. FTIR difference spectra after DEZ and EG exposures during zincone

MLD film growth at 130 8C. a) DEZ-EG after DEZ exposure on a film

previously reacted with EG. b) EG-DEZ after EG exposure on a film

previously reacted with DEZ.
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completion after ten DEZ microdoses. Each DEZ dose was

defined by a 0.3 s exposure at 70 mTorr of partial pressure.

Likewise, Figure 4b indicates that the EG reaction also is

self-limiting and reaches completion after 10 EG micro-

doses. Each EG dose was defined by a 0.3 s exposure at

8–10 mTorr of partial pressure.

2.2. Assignment of Vibrational Features

The assignments of the vibrational frequencies observed

during zincone MLD growth are given in Table 1. Most of

these vibrational features have been identified pre-

viously.[29] The Zn�O stretching vibration was assigned

to the absorbance feature at 888 cm�1. In contrast, a recent

FTIR study of the reaction of DEZ with alcohols observed a

vibrational feature at 755 cm�1 that was tentatively assigned

to the Zn�O stretching vibration.[30] Other studies on ZnO

nanoparticles have observed features at 400–600 cm�1 that

have been associated with Zn�O vibrations.[31] Additional

investigations of the metal-organic vapor pressure epitaxy

growth of ZnO with DEZ and N2O have observed a broad

infrared feature at 760–950 cm�1.[32] This infrared peak was

believed to correspond with various polymer fragments

resulting from C2H5OZnC2H5, Zn(OC2H5)2, HOZnOC2H5,

and Zn(OH)2 reaction products that oligomerize by forming

Zn�O bonds.[32]

To confirm that there are no Zn�O stretching vibrations

at frequencies lower than 888 cm�1 that may be obscured by

absorption from ZrO2 nanoparticles, zincone MLD was

performed on SiO2 nanoparticles. In these studies, no new

vibrational features were observed in the EG-DEZ

difference spectrum between 600–850 cm�1. The absence

of vibrational features at lower frequencies helps to confirm

that the vibrational feature at 888 cm�1 is characteristic for

the Zn�O stretching vibration in the zincone films.

Another vibrational feature was observed with a peak at

�1590 cm�1 when the EG was exposed in a static mode with

the gate valve closed to the pumps. This feature was

accompanied by an increased absorbance in the O–H

stretching region at �3000–3680 cm�1. These two features

are consistent with the absorption of H2O molecules on the

surface of the zincone film. H2O may be an impurity in EG

and is a decomposition product of EG.[33] These features at

�1590 cm�1 and �3000–3680 cm�1 observed after static EG

exposures suggest that zincone MLD growth may be

strongly affected by pumping speed and purging times.

We note that the feature at �1590 cm�1 was also observed

when the liquid N2 trap was not pumping on the reactor.

2.3. Temperature Dependence of Zincone MLD

The integrated absorbance of the C�H stretching

vibrations can be used to determine the temperature

dependence of zincone MLD. For these experiments, the

absorbance in the C�H stretching region was measured after

ten zincone MLD cycles at various temperatures in the range

90–170 8C. These FTIR spectra in the C�H stretching region

are shown in Figure 5. After ten MLD cycles, the absorbance

in the C�H stretching region decreases progressively for

zincone MLD at higher temperatures. This decrease in the

zincone MLD growth per cycle at higher temperatures is

consistent with previous results for alucone MLD.[6]

The temperature dependence of the zincone MLD growth

per cycle was also measured using TEM analysis of zincone

films grown on ZrO2 nanoparticles at various temperatures.

The TEM image of a zincone film after thirty MLD cycles at

130 8C is shown in Figure 6. This TEM image reveals that the

Full Paper

Fig. 4. Integrated absorbance for a) C�H stretching vibrations versus number

of DEZ microdoses, and b) O�H stretching vibrations versus number of EG

microdoses. Both DEZ and EG exposures were performed at 130 8C.

Table 1. Assignment of vibrational peaks observed during zincone MLD.

Frequency [cm�1] Assignment

3730 O�H stretch, EG

2941 CH3 asymmetric stretch, DEZ

2910 CH2 asymmetric stretch, DEZ

2885 CH2 asymmetric stretch, EG

2871 CH2 stretch, DEZ

2850 CH2 symmetric stretch, EG

2787 CH2 stretch, DEZ

2697 EG combination

1456 CH2 scissors

1365 CH2 wag

1256 CH2 twist

1100 C�O stretch

888 Zn�O stretch, EG and DEZ
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zincone film is very conformal on the ZrO2 nanoparticles.

The thickness of 61 Å after thirty MLD cycles at 130 8C is

consistent with a zincone MLD growth rate of 2.0 Å per

MLD cycle. Thirty cycles of zincone MLD was repeated on

ZrO2 nanoparticles at various temperatures in the range 90–

170 8C. The TEM images were consistent with a zincone

MLD growth rate that was 4.0 Å per MLD cycle at 90 8C,

and reduced to 0.25 Å per MLD cycle at 170 8C.

Figure 7 displays the zincone MLD growth per cycle

versus temperature determined by the TEM analysis. These

results are compared with the integrated absorbance for the

C�H stretching vibrations of zincone films after ten MLD

cycles at various temperatures. The integrated absorbance

has been scaled to match the growth per cycle determined by

the TEM measurements. The temperature-dependent

results from the TEM and integrated absorbance analysis

are in excellent agreement.

The decrease in the zincone MLD growth per cycle versus

temperature can be partly attributed to the diffusion of DEZ

into the zincone film. Similar to alucone MLD,[6] the zincone

film growth is believed to occur by both the surface

chemistry, described by Equations 1 and 2, and the diffusion

of DEZ into the zincone film. The DEZ molecules that

diffuse into the MLD film are available to react during the

subsequent EG exposure to form new zincone polymer

chains. This additional growth mechanism is similar to a

CVD reaction in the near-surface region of the zincone

polymer. This diffusion mechanism can explain the

temperature dependence of the zincone MLD growth. At

higher temperatures, less DEZ may diffuse into the zincone

film. In addition, the DEZ in the zincone film may desorb

Full Paper

Fig. 5. FTIR vibrational spectra for absorbance in the C�H stretching

vibration region after 10 MLD cycles at 90, 110, 130, 150, and 170 8C.

Fig. 6. TEM image of zincone MLD film on ZrO2 nanoparticles after 30 MLD

cycles at 130 8C.

Fig. 7. Comparison between the integrated absorbance for the C�H stretch-

ing vibrations in Fig. 5 after 10 MLD cycles and the growth per cycle for

zincone MLD measured by TEM analysis of ZrO2 nanoparticles at 90, 110,

130, 150, and 170 8C.

Fig. 8. FTIR difference spectra for a) DEZ-EG at 170 8C, b) EG-DEZ at

170 8C, c) DEZ-EG at 90 8C, and d) EG-DEZ at 90 8C.
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from the film at a faster rate at higher temperatures. Less

diffusion into the film and more desorption of DEZ from the

film would yield a lower zincone MLD growth per cycle at

higher temperatures.

In addition to lower growth per cycle for zincone MLD at

higher temperatures, the mechanism of zincone MLD also

changes with temperature. Figure 8 compares FTIR

difference spectra for DEZ-EG and EG-DEZ at 90 8C
and 170 8C. For growth at 170 8C, there is negligible

absorbance change in the O�H stretching vibration region

in Figure 8a for DEZ-EG or Figure 8b for EG-DEZ. The

absence of hydroxyl groups either removed by DEZ or

produced by EG suggests that most of the EG reactions are

‘‘double’’ reactions at 170 8C. If EG reacts with two

ZnCH2CH3
� species, then there are no new O�H stretching

vibrations after the EG exposure.

Although there is negligible absorbance change for O�H

stretching vibrations shown in Figure 8a, there is an increase

in absorbance for C�H stretching vibrations of the

ZnCH2CH3
� species after DEZ exposures. This absorbance

increase is consistent with the diffusion of DEZ into the

zincone film at 170 8C. Figure 8a also shows that the DEZ

exposure produces very little increase in the absorbance for

the C�O and Zn�O stretching vibrations that would be

consistent with �ZnOCH2CH2OZn� species. This obser-

vation argues that the DEZ diffuses into the zincone film

without reacting with hydroxyl groups.

Figure 8b shows that the EG exposure at 170 8C removes

absorbance for the C�H stretching vibrations from

ZnCH2CH3
� and adds absorbance for the C�H stretching

vibrations from �OCH2CH2O� species. There are also

increases in the absorbance of the C�O and Zn�O

stretching vibrations. These absorbance changes, together

with the absence of absorbance changes for the O�H

stretching vibrations, are consistent with the reaction of EG

with two ZnCH2CH3
� species to form�ZnOCH2CH2OZn�

at 170 8C. The ‘‘double’’ reactions of EG remove

ZnCH2CH3
� sites and do not generate ZnOCH2CH2OH�

hydroxyl sites for zincone film growth. However, a finite

amount of DEZ diffusion into the zincone film during DEZ

exposure maintains the low zincone growth rate of �0.25 Å

per MLD cycle at 170 8C.

Much larger growth rates of �4.0 Å per cycle are observed

at the low temperature of 90 8C. Figures 8c and 8d reveal

that hydroxyl groups are active during zincone MLD at

90 8C. Figure 8c shows that there is a decrease in absorbance

for O�H stretching vibrations after the DEZ exposure.

Likewise, Figure 8d reveals a gain in absorbance for O�H

stretching vibrations after the EG exposure. There still may

be double reactions during the EG exposure. However there

are also EG reactions that produce hydroxyl groups on the

zincone film.

The spectrum for DEZ-EG in Figure 8c reveals that

there is a large absorbance increase in the C�H stretching

region for the ZnCH2CH3
� species. The correspondingly

low increase of absorbance for C�O and Zn�O stretching

vibrations suggests that much of the DEZ is diffusing into

the zincone polymer without reacting with hydroxyl groups

at 90 8C. The spectrum for EG-DEZ in Figure 8d shows a

loss of absorbance from C�H stretching vibrations of the

ZnCH2CH3
� species, and a gain of absorbance from C�O

and Zn�O stretching vibrations. These absorbance

changes, together with the presence of absorbance changes

for the O�H stretching vibrations, are consistent with the

reaction between EG and ZnCH2CH3
� species to form

both ZnOCH2CH2OH� and �ZnOCH2CH2OZn� species

at 90 8C.

2.4. Linear Zincone MLD Growth

The quality and thickness of zincone films grown on Si

wafers at 130 8C was also measured using ex-situ XRR

analysis. The XRR scans were fitted using the REFS data

fitting software from Bede Scientific. For this XRR analysis,

an Al2O3 ALD film with a thickness of �640 Å was initially

deposited on the silicon wafer using TMA and H2O.

Subsequently, zincone films were grown on the Al2O3 ALD

layer. Figure 9a shows the XRR scan, approximately one

hour after deposition, of a zincone film grown using

500 MLD cycles at 130 8C. This scan displays an oscillatory

reflected intensity versus angle. The oscillation occurs as the

intensity drops over many orders of magnitude. This

behavior is consistent with a very smooth and high quality

film. The oscillatory intensity results from the film thickness

and the individual Al2O3 and zincone layers. Figure 9b

displays the XRR scan of the same film after five weeks in

air. The XRR scans in Figures 9a and 9b are nearly identical,

and indicate that the zincone film is very stable.

Figure 10a shows the zincone film thicknesses measured

by XRR after 80, 150, and 500 MLD cycles at 130 8C. The

film thickness versus number of MLD cycles is linear and

consistent with a growth rate of 0.7 Å per MLD cycle at

130 8C. The growth rate of 0.7 Å per MLD cycle at 130 8C on

the silicon wafer is less than the growth rate of 2.0 Å per

Full Paper

Fig. 9. XRR scans of zincone film grown on Si wafer using 500 MLD cycles at

130 8C after a) �1 h exposure in air, and b) �5 weeks exposure in air.
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MLD cycle at 130 8C on the ZrO2 nanoparticles. The

different growth rates on the Si wafer and the ZrO2

nanoparticles can be explained by either different pumping

speeds during the zincone MLD growth experiments, or the

low gas conductance in the ZrO2 nanoparticles. In the ZrO2

nanoparticles, longer exposure times are needed for the

reactants to reach the entire surface area. In addition, longer

purge times are needed to remove the reactants after their

exposure. If the reactant is not completely purged from the

bed of nanoparticles, then the zincone MLD growth rate can

increase resulting from CVD growth.

In-situ QCM measurements also revealed that the zincone

MLD growth was linear versus the number of MLD cycles.

Typical results from the QCM analysis of zincone MLD at

135 8C are shown in Figure 10b. The reactant pulse sequence

during one MLD cycle was; DEZ dose for 0.75 s, purge for

120 s, EG dose for 0.45 s, and purge for 120 s. These dose

times resulted in approximate exposures of 65 mTorr s for

DEZ and 80 mTorr s for EG. The mass gain per MLD cycle

was 20.4 ng cm�2 for the QCM results at 135 8C shown in

Figure 10b. The QCM measurements also demonstrated

that the DEZ and EG reactions were self-limiting. The mass

gains reached an asymptotic limit versus DEZ and EG

exposures. Although the zincone MLD growth was linear

versus number of MLD cycles under one set of reaction

conditions, the absolute mass gain per cycle and the mass

gains for the individual DEZ and EG reactions during one

cycle were not consistent for experiments on different days.

This inconsistency is believed to result from the variations in

the pumping speed during different zincone MLD growth

experiments.

2.5. Composition and Stability of Zincone Films

The composition of the zincone films was investigated

using XPS. Figure 11 shows XPS results for a zincone film

grown using 500 MLD cycles at 130 8C. The average

composition obtained from several such films was 10% zinc,

22% carbon, and 68% oxygen. The uncertainty on these at.-

% values is <2%. These atomic percentages are based on

peak areas of each component. The adventitious carbon at

285 eV was not included in this XPS analysis. No other

elements are present in the zincone film. In contrast, a

composition can be predicted (20% zinc, 40% carbon, and

40% oxygen) for the zincone film based on the reaction

mechanism shown in Figure 1, and a possible polymer

formula of (�Zn�O�CH2CH2�O�)n. The zincone film has

less zinc and more oxygen than predicted by the expected

formula. The higher oxygen and lower zinc atomic

percentages are related to the adsorption of H2O into the

zincone films upon exposure to air. As discussed earlier in

Section 2.2, the in-situ FTIR spectra during static EG

exposures were consistent with H2O adsorption. Features

assigned to H2O adsorption at�1590 cm�1 were also present

when the liquid N2 trap was not used to pump on the reactor.
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Fig. 10. a) XRR measurements of zincone film thickness versus number of

MLD cycles at 130 8C. b) QCM measurements of mass gain versus time for

zincone MLD film growth at 135 8C.

Fig. 11. XPS analysis of zincone MLD film composition after 500 MLD cycles

at 130 8C.
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There was also evidence from the FTIR spectra for H2O

adsorption into the zincone films after exposing the zincone

films to air.

Figure 12a shows the absolute in-situ FTIR spectrum of a

zincone film deposited after 40 MLD cycles at 110 8C. This

spectrum was recorded with the zincone film under vacuum in

the MLD reactor. Figure 12b displays the absolute FTIR

spectrum of the same zincone film after approximately one

hour of air exposure. This spectrum reveals the growth of

absorbance corresponding with O�H stretching vibrations in

the range 2700–3700 cm�1. There are also adsorbed H2O

modes and broadened CH2 features in the range 1300–

1700 cm�1.[34] Very little subsequent change was observed

after weeks of air exposure. These FTIR results indicate that

the zincone films adsorb H2O upon exposure to air. However,

the FTIR and XRR results reveal that the zincone films are

very stable following this initial H2O adsorption.

After the initial adsorption of H2O upon exposure to air,

the zincone MLD films are more stable than the alucone

MLD films studied previously.[6] The stability of the zincone

films was confirmed by the XRR measurements at various

times after film growth shown in Figure 9. These XRR scans

revealed almost no change in the thickness of the zincone

films after aging for weeks at room temperature under

ambient air conditions. For example, for a zincone film with

a thickness of �335 Å grown using 500 MLD cycles at

130 8C, the thickness decreased only 2.4% after aging for five

weeks. In contrast, the alucone MLD film thicknesses

decreased about 22% in the first six days after growth at

room temperature under ambient air conditions.[6]

The zinc composition was also investigated after growth at

various temperatures. XPS measurements on zincone MLD

samples grown using 80 MLD cycles at 90, 110, 130, 150, and

170 8C yielded zinc compositions of 10.7, 10.6, 10.0. 9.9, and

8.9%, respectively. These XPS results indicate that the zinc

atomic percentages are very consistent over the full range of

temperatures. The changes in the zincone MLD growth

mechanism and the observation of only double EG reactions

at higher temperatures do not alter the zincone film

composition.

3. Conclusions

The MLD of a new zinc-containing organic-inorganic

polymer was grown using the sequential exposures of DEZ

and EG. This polymer represents a new type of zinc alkoxide

polymers that can be called zincones. The MLD procedure

used to grow the zincone film is similar to the sequential

exposures of TMA and EG used for alucone MLD. This

work indicates that a variety of different hybrid organic-

inorganic polymers can be grown by MLD using metal alkyl

precursors and various organic precursors.

The film growth and surface chemistry during zincone

MLD was studied by in-situ FTIR measurements. The FTIR

spectra increased progressively versus the number of MLD

cycles. FTIR spectra after the EG and DEZ exposures were

consistent with loss and gain of the absorbance for C�H,

O�H, C�O, and Zn�O stretching vibrations. FTIR studies

also confirmed the self-limiting nature of the surface

reactions and monitored lower zincone MLD growth rates

at higher temperatures.

TEM measurements on ZrO2 nanoparticles observed very

conformal zincone films. The TEM studies also determined

that the zincone MLD growth rate varied from 4.0 Å per

MLD cycle at 90 8C to 0.25 Å per MLD cycle at 170 8C. XRR

measurements on silicon wafers displayed linear zincone

MLD growth with a lower zincone MLD growth rate of

0.7 Å per MLD cycle at 130 8C. Different pumping speeds,

lower gas conductance, and possible CVD reactions may

explain the higher zincone MLD growth rates on the ZrO2

nanoparticles. QCM measurements confirmed linear growth

for the zincone films versus the number of MLD cycles.

The FTIR difference spectra indicated that the reaction

mechanism for zincone MLD was dependent on tempera-

ture. At higher temperatures, no free hydroxyl groups were

present in the zincone film as demonstrated by the absence

of O�H stretching vibrations in the FTIR spectra. The

absence of free hydroxyl species may be explained by a

double reaction of EG with two ZnCH2CH3
� species. The

lack of hydroxyl groups does not stop the zincone MLD film

growth at higher temperatures. The FTIR spectra suggested

that DEZ can diffuse into the zincone film and nucleate the

growth of a new zincone polymer chain.

The zincone MLD films were observed to adsorb H2O

after exposure to air. This H2O adsorption is monitored by

the FTIR spectra and is consistent with the high oxygen and

low zinc composition in the zincone films obtained by XPS

analysis. Following the H2O adsorption, the zincone films

are very stable for multiple weeks as determined by FTIR
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Fig. 12. a) Absolute in-situ FTIR spectrum of zincone film grown using 40

MLD cycles at 110 8C. This spectrum was recorded with the zincone film

under vacuum in the MLD reactor. b) Absolute FTIR spectrum of the same

film after �1 h exposure in air.
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and XRR measurements. These new zincone films add to the

growing list of possible MLD thin films. The zincone films

may have many interesting applications because of their

hybrid organic-inorganic properties.

4. Experimental

A schematic diagram of the viscous flow MLD reactor equipped with an in-
situ FTIR spectrometer is shown in Figure 13. This viscous flow MLD reactor
is very similar to previous reactors used for MLD [6,11,12]. The reactants were
pumped through a liquid N2 trap by a mechanical pump, which maintained a
pressure of 0.60 Torr with a carrier gas flow of 100 sccm into the reactor. The
carrier gas was ultrahigh purity nitrogen (Airgas), which helped transport
reactants into the reactor and remove reaction products from the reactor.

The in-situ FTIR studies were performed with a Nicolet Nexus 870 FTIR
spectrometer equipped with a liquid-N2 cooled mercury-cadmium-telluride
(MCT-B) infrared detector. Spectra were collected with a mirror speed of
1.8 cm � s�1, and averaged over 100 scans using 4 cm�1 resolution. The IR
transparent windows on the viscous flow MLD reactor were KBr disks
supplied by International Crystal Laboratories. The spectrometer setup was
purged with dry and CO2-free air delivered from a purge gas generator.

The transmission FTIR spectroscopy measurements required high surface
area samples to obtain a sufficient signal-to-noise to monitor the surface
species. The high surface area samples were approximately spherical
nanoparticles with average diameters of 25 nm for ZrO2 and 11 nm for
SiO2. The nanoparticles were pressed into a stainless steel grid using methods
described earlier [7,35]. The stainless steel grids supporting the ZrO2 or SiO2

nanoparticles were obtained from Tech Etch. The ZrO2 and SiO2

nanoparticles were obtained from Sigma-Aldrich.
The zincone MLD growth was monitored at 90, 110, 130, 150, and 170 8C.

Each DEZ exposure consisted of two 1.0 s doses of DEZ. Each DEZ dose
produced a partial pressure of 200 mTorr. Each EG exposure consisted of five
1.0 s doses of EG. Each EG dose produced a partial pressure of 20 mTorr.
Purge time of 120 s were used after each DEZ and EG dose. One set of DEZ
and EG exposures defined one MLD cycle. The DEZ and EG reactants were
obtained from Sigma-Aldrich.

The in-situ QCM measurement technique has been described previously
[36]. The QCM measurements were performed in a larger viscous flow reactor
using a TM-400 (Maxtek) thin film deposition monitor [6]. These measure-
ments employed a Maxtek BSH-150 bakeable sensor, and a quartz crystal
with a polished Au face and a 6 MHz oscillation frequency (Colorado Crystal
Corp.).

Ex-situ XRR data were acquired by a high resolution Bede D1
Diffractometer (Bede Scientific). A Cu Ka X-ray tube with a wavelength
of 1.54 Å, a filament current of 40 mA, and a voltage of 40 kV were used for

the XRR measurements. The thicknesses of the zincone films on Si wafers
were extracted using the REFS data fitting software from Bede Scientific.
Boron doped p-type silicon wafers with a thin native oxide (Silicon Valley
Microelectronics, Inc.) were used for this ex-situ analysis.

XPS images for C 1s, O 1s, and Zn 2p were obtained from a Perkin-Elmer
5600 photoelectron spectrometer with monochromatic Ka source (12.5 mA,
12 kV) under a pressure of 2� 10�10 Torr. The binding energies were
referenced to the adventitious C 1s peak at 285 eV. The TEM analysis was
performed using a Philips CM10 transmission electron microscope with an
80 kV beam energy. The zincone MLD growth per cycle was determined by
measuring the film thickness of the zincone polymer on the ZrO2

nanoparticles and dividing by the number of MLD cycles.
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